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ABSTRACT 
Continuous processing of heterogeneous liquid-particle food products with conventional or alternative technologies is being 
increasingly advocated as a substitute for batch sterilization. Particles make significant modifications to the flow, yet suspensions 
are mostly described by qualitative criteria (homogeneous, stationary bed), although many other factors such as particle size, shape 
and concentration, flow regime, rheological behavior of the carrier fluid and temperature distribution make a contribution. A 
methodology based on flow visualization has been developed to measure the cumulative distribution of particles in vertical and 
horizontal tubes. The proposed method firstly enables the geometrical description of the suspension in limit conditions 
(homogeneous suspension, stationary bed) and secondly the definition of quantitative criteria (y*50, y*10, h*50, h*10) issuing from 
the cumulative distribution of particles. Experiments were carried out with one model suspension (Product A: alginate beads in 
CMC solution) and a real industrial product (Product B: bean mixture) with flow rate up to 3000 l.h-1 and concentration up to 30% 
v/v. The cumulative distribution was studied versus particle-to-pipe diameter ratios for the two products and the suspension 
homogeneity criteria were defined. We observed a marked difference between the products A and B and results showed that the 
flow pattern depends on two major parameters: the orientation of the tubes and the density differences between the carrier fluid and 
the particles. 
 
INTRODUCTION 
 
Heat treatment represents the most widely used-method 
and is the standard industrial practice when sterilizing food 
products. Several heat treatments are available. The traditional 
technique used by the food industry is canning. Heat is applied 
to the outside of the can until sterilization is completed, which 
occurs when the center has reached the required F0. For foods 
containing particles, significant overheating should be applied 
to ensure full sterilization at the center of the can and of the 
particles. Continuous processing of heterogeneous liquid-
particle food products, with conventional or alternative 
technologies, is being increasingly advocated as a substitute 
for batch sterilization. Food flows continuously throughout the 
heating, holding and cooking sections of the process. The 
sterilization temperature (130-140°C) may be achieved with a 
tubular heat exchanger (Direct Joule Effect and Indirect Joule 
Effect). Alternative technology may achieve a high 
temperature treatment in a shorter time (HTST). The expected 
advantages of a continuous process are an increase in 
production capacity, a reduction in power consumption, an 
improved treatment homogeneity and conservation of the 
integrity of particles. In continuous process, hydraulic and 
thermal phenomena will be closely associated. Two critical 
parameters are particle residence distribution time and a 
conservative heat transfer coefficient value hfp, between the 
liquid and particle. Previous publications indicate that the 
major factors influencing particle velocity in a stream of 
carrier fluid are viscosity, flow rate, relative (particle to fluid) 
density of solids, relative (particle to tube) size and the 
concentration of the solid phase in the fluid. Moreover, for the 
transport of particles, the main constraint is pressure drop for 
the sizing of pipes and pumps. In spite of efforts to understand 
hydraulic transport phenomena, the modeling of pressure drop 
with flow rate for different particle concentrations and the 
prediction of particle behavior in ducts, remain a very complex 
problem. 
From a scientific and industrial standpoint, it seems 
important to describe the flow of solid-liquid mixtures in order 
to design a continuous process and to ensure that solid and 
liquid phases are safe. However, the knowledge of how 
particles are transported in non-Newtonian fluids is still 
limited to visual observations and qualitative criteria. The 
effects of particle density and concentration as well as 
viscosity and flow rate on the distribution of the particles are 
not yet-well known. 
The present study  aims to measure the particle distribution in 
tubular ducts and to investigate the effect of experimental 
conditions in horizontal and vertical tubes. An optical method 
was set up in order to characterize the suspension with 
quantitative criteria. These criteria point out additional 
information concerning residence time distribution, pressure 
drop and relative velocity. The suspension was described with 
values depending on experimental conditions (dimension, 
porosity). Experiments were carried out with one model 
suspension (Product A: alginate beads in CMC solution) and a 
real industrial product (Product B: bean mixture) with a flow 
rate up to 3000 l.h-1 and concentration up to 30% v/v. In this 
paper, firstly, we give a concise bibliography of suspension 
flow. Secondly, material and methods are presented and our 
 1
 analysis is detailed. Thirdly, the results obtained are discussed 
with regard to process efficiency before coming to a 
conclusion. 
 
BIBLIOGRAPHY 
 
The description and characterization of solid-liquid 
mixture flowing in pipes remains a practical industrial and 
scientific problem. Over the last 20 years, a wide range of 
literature investigating food mixture flow, from different 
scientific aspects has become available. From a general 
standpoint, the scientific literature deals with (i) theoretical 
analysis (force balance by [1]), (ii) global hydrodynamic 
approach (friction curves by [2]) and (iii) specific studies 
(description of suspension, relative velocity (particle to fluid) 
by [3] and [4]), and Residence Time Distribution of particle 
and fluid ([5] and [6]). We now focus on the existing literature 
describing and classifying food mixture flow with qualitative 
criteria. [7] established four flow regimes for solid-liquid 
mixtures in a horizontal pipe: 
Asymmetrical suspension: if the mixture velocity decreases, 
the hydrodynamic forces do no longer maintain the phase solid 
in suspension. The concentration profile becomes deformed, 
the particles are more numerous  in the lower part of the tube. 
This mode is valid as long as particles run out into the higher 
part of pipe. 
Symmetrical suspension: for raised velocities, fine or coarse 
dispersions are suspended in the carrier fluid. The distribution 
of the particles authorizes a slip between the solid phases and 
liquids. It is not necessary to reach the turbulent flow to obtain 
this flow type: this depends especially on the limit velocity of 
fall of the particles.  
reads circulating and asymmetrical suspension: with a velocity 
lower than that allowing the maintenance of the suspended 
particles, a bed is formed in the pipe content. The interface 
consists of  -layers- of particles. 
reads stationary: if the mixture flow decreases the particles will 
form a deposit and remain motionless and the bed is said to be 
stationary.  
[8] identified five types of solid-liquid flow: 
homogeneous, heterogeneous, intermediate, saltation and 
capsule flow.  
Homogeneous flow is described as a uniform suspension 
throughout the cross-section.  
Heterogeneous flow occurs when particles are coarse. The 
solid-liquid phases are then separated and large density 
gradients exist in the flow.  
Intermediate flow occurs when conditions for heterogeneous 
and homogeneous flow exist simultaneously.  
Saltation flow occurs when the particles move from a bed at 
the bottom of the pipe and proceed in discontinuous jumps.  
Capsule flow occurs when solids are packed into cylindrical 
capsules and transported in series. 
[4] also defined various categories of particles of a 
characteristic Dp diameter, classified according to their size 
(classification validated only for the spherical particles):  
Fine particles (Dp<40µm): the density has almost no effect on 
ultra-fine particles (40<Dp<150µm): the distribution is quasi-
homogeneous. 
Particles of average size (0.15<Dp<1.5mm): we observe 
gradients of concentration except if the density of the carrying 
fluid is equal to that of the particles (homogeneous 
suspension). 
Coarse particles (Dp<1.5mm): we observe a stratification of the 
particles. 
 [2] established a classification according to the size of the 
solid particles, making it possible to envisage the mode of flow 
of the suspensions. The various mixtures that one can meet are 
as follows: 
Fine dispersion: small relatively uniformly dispersed solid 
particles in a continuous liquid phase,  
coarse dispersion: large solid particles dispersed in a 
continuous liquid phase,  
macro mixture: a mixture in very turbulent flow in which no 
phase is continuous,  
laminate: a diphasic flow made up of two practically 
continuous phases, separated by an identifiable interface. 
Foods often consists of solid-liquid mixtures with high 
solid concentration (>10%). The flow description is based on 
visual observations. A qualitative description exists, but the 
criteria used are generally subjective (even if the distinction 
between a stationary bed and homogeneous suspension is 
obvious) and may refer to suspension heterogeneity and 
particle movement. Distribution of particle velocity could be 
more specifically scrutinized with different methods as 
reported by [9]. Experimental work has been performed in 
solid-liquid flows with solid concentrations up to 55% v/v, 
with 5 or 10mm spherical particles, in carrier fluids of varying 
viscosity (0.3%, 0.5% and 0.8% w/w CMC). Residence time 
distribution studies would be more useful when the flow 
patterns are too complex to be easily visualized in the tube. 
However, we observe that no quantitative criterion is available 
in literature to describe the particle distribution in the cross 
section. It seems useful (technologically and scientifically) to 
describe the state of a suspension from objective quantitative 
criteria. 
 
MATERIAL & METHODS 
 
Pilot plant and instrumentation 
 
The experimental pilot plant (Figure 1) integrates a tank 
(200l) with a conical bottom. A mechanical mixer was used to 
maintain the homogeneity of the solid-liquid suspension.  
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Figure 1: Experimental pilote plant 
A volumetric pump (SINE SPS 3” Lassoudry), especially 
designed to pump large size particles with minimal damage, 
was used. The ducts are smooth cylindrical tubes in Stainless 
steel with a nominal diameter of 1 ½'' (L1) and 2'' (L2 and L3 
respectively for horizontal and vertical tubes). The suspension 
flowed through a tube equipped with a transparent section (V1, 
V2 and V3) at its extremity. The lengths of straight tube are 
respectively 2.3 m, 9.2 m and 1.5 m for L1, L2 and L3. The 
flow rate was measured using an electromagnetic flowmeter 
(Foxboro 8000, 801H-WER-CG, DN 40) with a precision of 
1%. A thermocouple was placed in the suspension to measure 
the temperature (precision ±0.5°C).  
 
Fluid and particles properties 
 
Two suspensions, A and B, were used during this study. 
Product A, constituted the model suspension with a 
carboxymethylcellulose solution (CMC 1.8%) as carrier fluid 
and jellified alginate beads as particles. Product B represented 
the real industrial product with a complex carrier fluid 
(aqueous solution of Xanthan gum 0.6% w/w, sugar 22.6% 
w/w, salt 1.5% w/w) simulating tomato sauce and blanched red 
beans as particles. Nature, composition, physical properties 
(rheological behavior, density and dimension) were determined 
and reported in Table 1. 
The particle size distribution was determined by image 
analysis of photographs. This method directly measures the 
dimensions of particles and was previously compared and 
validated with a standard method (Vernier caliper). At least 50 
particles were sampled to determine the size distribution. The 
precision was  ±0.1 mm. 
The particle porosity was measured using a graduated test-
tube (±0.1 ml) with a nominal diameter of 1 ½'' and 2''. The 
graduated cylinder was filled with particles and the volume 
noted. Slowly and carefully, the water was poured into the 
graduated cylinder until the water just reached the top of the 
particles. The porosity was calculated by dividing the volume 
of water by the total volume.  
 
 
 
 PRODUCT A PRODUCT B 
FLUID   
Composition CMC 1.8% 
Xanthan gum 0.6%w/w, 
sugar 22.6%w/w, 
salt 1.5%w/w 
n [-] 0.81 0.16 
k [Pa.sn] 0.26 8.20 
ρ [kg.m-3] 1005.0 1111.9 
PARTICLES   
Shape Spherical Ovoidal 
Dimension 
[mm] Dp = 9 
e = 7.37 
l = 10.42 
L = 20.73 
Dsp = 12  
(equivalent diameter) 
Volume [mm3] 381.7 900.0 
ρ [kg.m-3] 1048 ± 8 1116 ± 64 
ε [-] in 36mm 
ε [-] in 48mm 
0.38 
0.35 
0.47 
0.39 
 
Table 1: Fluid and particle properties of products A and B at 
20°C. 
 
For each phase, the fluid density was measured using a 
densimeter (ANTON-PAAR type DNA 45). The principle of 
this apparatus is as follows: the fluid is placed in a gauged 
tube, which is placed in oscillation. The instrument detects the 
frequency of the setting in resonance with the unit, which is 
proportional to the density of the fluid. A thermostatic bath 
permits the density to be determined at various temperatures 
and thus allows the evolution of the density with temperature 
to be obtained. The precision was ±0.0001 g.cm-3. The particle 
density was measured using a Pyrex graduated cylinder (±0.1 
ml). Volume and mass variation enable their density to be 
calculated with a precision of ±0.01 g.cm-3. 
The apparent viscosity of all solutions was determined 
using a rotational viscometer (Rheomat 30). The fluids were 
placed between two coaxial cylinders. A well-defined stress 
was imposed and the resulting strain measured. Rheological 
measurements were performed between 20-90°C.The precision 
was ±1% for apparent viscosity. Rheological properties permit 
the flow nature (laminar, transition or turbulent) to be 
characterized by the calculation of the Reynolds number. In 
this study, we worked exclusively on laminar flow. The 
rheological behavior of carrier fluids was studied at different 
temperatures (20-90°C). All the fluids used presented a similar 
behavior. Results showed that an increase in the shear rate 
resulted in a decrease in apparent viscosity, thereby suggesting 
pseudoplastic behavior (power law model). Viscosity 
decreased with temperature. The flow behavior indices 
increased linearly with temperature, whereas consistency 
indices exhibited a power-law model with temperature. 
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 Experimental procedure and operating conditions 
 
Experiments were conducted for both suspensions at room 
temperature (20°C) and under steady-state conditions. 
Concentration and flow rate ranged from 6 to 26% w/w and 
316 to 2922 l.h-1 for product A and from 3 to 20% w/w and 
233 to 980 l.h-1 for product B. 
For experimentation purposes, the carrier fluid flowed for 
15 min to remove air bubbles from the loop. Then, particles 
were added at the defined concentration in the carrier fluid. 
We observed thanks to mechanical properties, that particles 
can flow for only few minutes (<15 min) in the experimental 
loop due to mechanical damage. The slurry was recirculated 
for 3 min to obtain a more uniform distribution of particles. 
The volumetric particle concentration was measured by 
weighing a sample (fluid and particles) collected at the exit of 
the experimental device. When the steady-state concentration 
was achieved, photographs were taken as shown in Figure 2. 
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Figure 2: Positions of camera, light and gravity  - 
Orientation of axes (x, y). 
 
Photographs were taken with a digital camera apparatus 
(Camedia C2020 Z, Olympus) placed perpendicularly to the 
flow and the gravity for horizontal pipes. Images were treated 
with Photoshop 6.0 software (Adobe) and analyzed with the 
software Optimas 6.5 (Media Cybernetics, Silver Spring, 
USA). A specific program determined : image dimensions 
(xmax, ymax), number of particles, absolute position of particle 
center (x, y) and the relative coordinates (x*=x/xmax, 
y*=y/ymax). In transparent sections V1 and V2, ymax is 
equivalent to the tube diameter whereas in V3, it is xmax. 
Initially, we built the curve N* versus y* or x* for specific 
conditions (transparent section, carrier fluid, particle 
concentration and flow rate). The more uniform the suspension 
throughout the cross-section, the more this curve will approach 
a line (Figure 3, curve 1). If particles tend to accumulate at the 
bottom of the pipe, the curve will take a concave form (curve 
2), whereas, if particles tend to float, the curve will take a 
convex form (curve 3). In the case of a crawling flow, all 
particles are under a threshold (curve 4). 
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Figure 3: Cumulative distribution of particles for different 
conditions. 
 
In table 2, we defined a dimensionless number and 
respectively minimal and maximal values for products A and 
B. From calculated values, we considered that the flow 
regimes were similar (even if the Reynolds definition does not 
include solid fraction) for both products. However the simplex 
(α) and Archimed number (Ar) exhibit an important 
difference. Gravitational force will be far higher in product A. 
Moreover, particle dimension and shape are markedly different 
and will probably induce specific hydrodynamic behavior. 
 
 Reg Ar Fr α dp/Dc
 
2
−⋅Φ⋅
⋅−⋅
= nnk
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gRe ζ
ρ
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Product 
A 4 – 400 5 – 30 0.3 – 15 3.8x10
-3 0,18 – 
0.25 
Product 
B 0.9 – 66 0.1 – 5 1.3 – 14 3.6x10
-3 0,2 4- 
0.33 
 
Table 2 : Dimensionless number and respectively minimal and 
maximal values for products A and B. 
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 RESULTS & DISCUSSIONS 
 
Geometric analysis of the suspension : description of a bed 
of discrete particles in a cylindrical duct, definition of 
quantitative criteria (y*50 and y*10). 
 
Concentration versus height of a settling bed 
 
We considered a suspension (fluid – particle) flowing in a 
cylindrical tube. We assumed that the particles were 
homogeneous and formed a stationary bed. A mathematical 
expression of bed height based on geometric description was 
determined, as well as the maximal and minimal admissible 
concentrations in the duct to form a homogeneous bed there. 
We took a pipe length dx represented in Figure 4. This bed is 
characterized by a porosity corresponding to the liquid fraction 
of the bed divided by the total volume (particles and fluid). 
The bed particles’ volume may be expressed from geometrical 
variables, where h represents the particles’ bed height, where 
the bed is stationary. We can build the particle concentration 
Cp according to h and obtain the minimal height of bed 
particles according to particle concentration. 
 
( ) ( ) ⎥⎦
⎤⎢⎣
⎡ −−⋅⎟⎠
⎞⎜⎝
⎛ −−⎟⎠
⎞⎜⎝
⎛ −⋅−= 22
2
cos1 hrr
r
hr
r
hrArcCp π
ε   (1) 
 
h
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Figure 4: Description of a homogeneous bed in a 
cylindrical duct.  
 
The maximal particle concentration corresponds to a 
bed height equal to the pipe diameter considered. It is 
determined with the porosity (Cmax=ε). We can also 
determine the minimal particle concentration necessary to 
obtain a uniform bed, by supposing a total decantation. 
Knowing the particle diameter for the product A 
(approximately 9 mm) we thus obtain a minimum bed height 
of 9 mm. For product B, this bed height is equal to e/2 
(3.7mm). By using the relationship established previously, we 
thus determine the minimal concentrations. 
 
Definition of quantitative criteria : y*50, y*10, h*50, h*10
 
The cumulative distribution of particles was obtained from 
the particle frequencies as shown in Figure 3. To accurately 
investigate the effect of experimental conditions 
(concentration, flow rate, orientation and diameter of tubes) on 
the flow of the suspension, we defined two values, y*50 and 
y*10 as the relative heights at 50% and 90% of population 
respectively. For each experimental condition, the 
concentration and the porosity of the particle beds allowed us 
to define two criteria for each particle concentration, h*50 and 
h*10 respectively as the half height of the particle bed and the 
height of the particle when particles are settling. These values 
can be established for limit conditions which are homogeneous 
suspension and  stationary bed (settling) corrected from 
particle radius as reported in table 3.  In these definition, we 
argue that the height h is a function of concentration, particle 
dimension and porosity. 
 
Flow y*50 y*10
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5.0*50 =y  c
p
D
d
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*
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2
*
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*
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p
D
d
h
hy 2*10
*
10
−
=≈
Table 3 : Values of y*50, y*10, h*50 and h*10 according to 
different flows. 
 
Discussion 
 
Flow description and cumulative distribution between a 
model (Product A) and a real (Product B) suspension 
 
The classifications of solid-liquid flows are so frequent 
and different in the literature that the discussion presented here 
involved a selection. The classification of [8] was appropriate 
to qualitatively characterize the flows because these authors 
worked in the same experimental conditions as us (non-
Newtonian carrier fluid, large particles). We observed the 
existence of three main flow patterns for both suspensions: 
- Flow with “moving bed” with faster particles flowing above 
the bed with a saltation mechanism, 
- Heterogeneous flow, 
- Homogeneous flow. 
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 Figure 5 gives photos of the two flow patterns observed 
for the floating dispersion studied (Products A and B) for 
given experimental conditions.  
From the cumulative distribution of the particles, we 
observed that in vertical tube, both suspensions were was 
homogeneous, whatever the particles concentration and the 
flow rate. For the product A, we noted 0.4<y*50<0.6 and 
0.8<y*10<0.9 and for the product B 0.3<y*50<0.5 and 
0.8<y*10<0.9. No satisfactory agreement could be found 
between the present observations and those of [10]. Studying 
carrot cubes in CMC solution in vertical flow, he reported the 
existence of two flow regions: a fast flowing core and a slow 
moving annulus close to the tube wall. This difference can be 
explained by the  higher particle concentration (30%) used 
with [10]. Moreover, in this study, experiments were 
conducted under steady-state conditions. However, the length 
before the glass section  may affect the homogeneity of solid-
liquid flow. If the length was not sufficient, the existence of a 
bend before the glass section may create a slow moving region 
of particles close the tube wall. The food product will then 
perhaps be sterile but overcooked leading to a reduction in 
quality. The ohmic column was composed of a bend following 
a straight length. The work also shows that the flow will be 
heterogeneous for the design of vertical continuous processing 
plant. 
In the horizontal tube, we observed: 
- For a low particle concentration, the height of the moving 
bed was the same for both ducts (inner diameter 36 and 48 
mm) for the product B, whereas for the product A, the smaller 
the internal diameter, the more the suspension was 
homogeneous. 
- The more the carrier fluid exhibited a viscous behavior 
(product A), the more the suspension homogeneity seems to be  
influenced by the flow rate. In fact, for the product B, the 
height of the moving bed did not vary significantly for 
different flow regimes whereas, for the product A, when the 
flow rate increased, the suspension became homogeneous. 
Satisfactory agreement could be found between our 
experimental results and those of [11]. He studied the 
Residence Time Distribution of model foods and found that 
the RTD became flatter when the flow rate increased (plug 
flow).  When the homogeneity  improved, the RTD of particles 
tend to plug flow (minimum required conditions, but 
insufficient). 
- When the particle concentration increased, the flow became 
homogeneous whatever the flow rate and the inner pipe 
diameter. This was confirmed by [12]. For 5% (w/v) 
concentration, these authors observed that the mixture was not 
homogeneous; particles traveled close to the wall on only one 
side of the pipe, in both up and down-flow. As the 
concentration increased, more particles traveled at a uniform 
velocity near to the center of the pipe because of the increase 
in particle-particle interactions. 
 
 
  
V2-Xanthan gum 0.6% w/w, sugar 22.6% w/w, salt 1.5% 
w/w - Cp=8.32% w/w - Flow rate=500l.h-1
V3-CMC 1.8% w/w - Cp=18.14% w/w  
 Flow rate=2922 l.h-1
a. Heterogeneous suspension  b. Pseudo-homogeneous suspension  
0
0.2
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8 1
Relative position y* [-]
N
or
m
al
 d
is
tr
ib
ut
io
n 
N
* 
[-
Flow rate : 233 l/h
Flow rate : 465 l/h
Flow rate : 718 l/h
Flow rate : 980 l/h
Homogeneous suspension
Settling
 
0
0.2
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8 1
Relative position x* [-]
N
or
m
al
 d
ist
ri
bu
tio
n 
N
* 
[-
]
Flow rate : 316 l/h
Flow rate : 2018 l/h
Flow rate : 2922 l/h
Homogeneous suspension
Settling
 
 
Figure 5: Pictures and cumulative distribution of particles. 
 
Influence of particles concentration (Cpmax, Cpmin) 
 
In table 4, the theoretical and experimental values of the 
maximal particle concentration limit were summarized for both 
suspensions. The theoretical maximal concentrations were 
respectively 62% for product A and 65% for the ducts 1”1/2 
and 2” and for product B 61% and 53%. These values 
corresponded to a bed height equal to the pipe diameter. It will 
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 therefore be impossible to obtain higher particle concentrations 
and only represents a theoretical maximal concentration in 
straight ducts. However,  the presence of many bends in the 
process generally involved plugging the pilot plant as soon as 
the particles concentrations exceeded 50% for the product A 
and 20% for the product B for the ducts 2”. 
 
 Maximal admissible concentration in the duct 
 Duct 1″1/2 Duct 2″ 
 Theoretical Experimental Theoretical Experimental
Product 
A 62% 80% 65% 50% 
Product 
B 61% 20% 53% 20% 
Table 4 : Particle concentration: theoretical and experimental 
maximal values (products A and B). 
 
A significant difference between the theoretical and 
experimental values for the product B could be explained by 
the fact that beans are real particles. The motion of a particle 
within a carrier fluid is affected by its size, density, shape and 
surface texture. A complete set of physical, mechanical and 
thermal properties was obtained for particles and carrier fluid. 
The data highlights the heat and mass transfer occurring in the 
industrial process. Overall properties help to define  several 
recommendations, with regards to the continuous processing of 
suspension. First, particle dimension may increase during the 
process, so that volume concentration at the outlet will be 
superior to that at the inlet, in order to avoid blocking during 
the process. Secondly, mechanical properties will define the 
ability of particles to flow through a pipe with mechanical 
shocks between particles and with the wall. Mechanical 
resistance and elasticity appear to be major criteria. Product B 
can be deformed at 42% of the initial state (inlet) and 20% 
(outlet).  
The minimal concentrations for the product A were 
respectively 12% and 8.4% for the ducts 1”1/2 and 2” and for 
the product B 8.9% and 5.2%. If the particles settle below this 
concentration, they will never be able to form a uniform bed. 
This minimal concentration increases when the pipe diameter 
decreases, because of the porosity reduction. In a bigger pipe 
diameter, the particles will form a continuous bed with lower 
concentrations than in a lower pipe diameter, which modifies 
the interactions between particles, and thus the flow behavior.  
 
Impact of density 
[13] measured liquid and particle velocity profiles in water 
suspensions in up-flow using a laser-Doppler anemometer. 
Particles denser than the fluid slowed down the liquid phase 
close to the center of the pipe. The volume fraction profiles of 
the denser particles showed a uniform distribution at low flow 
rates, while increasing the flow rate caused coring: a region 
near to the wall, 0.8<r/R<1 contained almost no particles. In 
contrast, the distribution of the particles which were less dense 
than the fluid reached a maximum concentration near to the 
wall for low rates, which flattened as the flow rate increased. 
Similar results were found by [14]. Density differences 
between solids and fluid, although small, may be enough to 
induce effects such as particle settling, as seen in water-carrot 
experiments by [15]. This can result in a moving packed bed at 
the base of the tube, with a low solid fractions above the bed. 
Relative density (particle to fluid) appears essential to 
characterize the suspension homogeneity (decantation, 
flotation) and particle residence time distribution (RTD). Table 
1 shows that for both products A and B, particle density was 
higher than fluid density. In the literature, particles with higher 
density ratios tend to settle at the bottom of the tube, 
developing a stationary or moving bed of particles. This bed 
would reduce the effective flow diameter such that local 
velocities of fluid and particles would increase as they flow 
across the bottom of the particle bed. As particles are carried 
by the fluid, their residence time is directly related to the 
location of the particle within the liquid velocity flow profile. 
The particles would move slower in the tube, probably due to 
the boundary layer or friction factor between the particles and 
the tube wall. This would increase the differences in the 
sterility of the particles or carrier fluid, especially when food 
contains diverse particle densities as in the case of a real 
product  (high standard deviation). 
In this study, the cumulative distribution (Figure 5a) 
shows that two types of particle exist: the first particles are 
located beyond the line obtained in the case of a perfect 
homogeneity and the other particles are at the level of the 
“break” (around 70% of the population). These phenomena 
can be also explained by the density difference between the 
carrier fluid and solids. For the real particles, the density is 
strongly dispersed (standard deviation is equal to 64 kg.m-3). 
Note that 62% of particles have a density higher than fluid 
density. It thus creates a solid sedimentation at the bottom of 
the pipe. Only particles with lower density ratios tend to float 
(38% of population). 
Moreover, the break can be explained by velocity profiles. 
A single particle moves in a fluid under the influence of three 
main forces: drag, buoyancy and lift. Multiple particle flows 
are more complex since particles can interact with each other 
or with the fluid whose motion has been disturbed by the solid 
phase. A number of slow-moving particles at the bottom of the 
pipe would reduce the effective cross-section through which 
flow occurs, increasing the velocity of the carrier fluid and 
particles moving through the gap. A majority of particles 
lagged the fluid, hence under such conditions a fastest-particle 
process design strategy would lead to over processing of the 
majority of particles.  
 
Analysis of criteria y*50, y*10, h*50 and h*10. 
Evolution of criteria y*50,  y*10, h*50 and h*10. 
We represented in Figure 6 the curves y*50 and h*50 
according to the particle concentration for the flow rate 
ranging from 316 to 2922 l.h-1 for product A and 233 to 980 
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 l.h-1 for product B. We plotted the curves representing the 
limit conditions on the same graphs. Whatever the flow rate 
and the particle concentration, the observations were similar 
for the glass section V1 and V2. The criteria y*50 and y*10 
increased linearly with the particle concentration ranging from 
10 to 27% for product A and 5 to 20% for product B. When 
we carried out a linear regression on the particle concentration, 
we noted clearly that the increase in y*50 and y*10 was parallel 
with the increase in bed height h*50 and h*10. 
For the product A, if the particle concentration increased, 
the flow rate incidence decreased. At low concentrations, we 
observed a strong dispersion of criteria y*50 and y*10 
according to the flow rate. We observed the contrary into 
strong concentrations. For the product B, no significant 
difference was observed. 
For the product A, with particle concentrations up to 20%, 
the suspension can be qualified as homogeneous. This 
phenomenon was more pronounced  for V1 than V2. On the 
other hand, for the particle concentrations below to 10%, the 
suspension can be qualified as strongly heterogeneous with 
two distinct phases. For the product B, with the particle 
concentration ranging from 5 to 20%, the suspension remained 
very settled (50% particles ranged between 20 to 30% of the 
cross sectional height). 
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Figure 6: Evolution of the criteria y*50 and h*50 according 
to particle concentration for both suspensions (products A 
and B) and for glass section V1. 
 
These criteria y*50 and y*10 are summarized in Table 5 for 
both glass sections. We can observe that the experimental 
values y*50 for the glass section V1 and for the product A were 
significantly higher than the values for product B. For the 
glass section V2, no clear difference appeared. For the glass 
section V1, the flow seems to be slightly settled for the 
product A, whereas for the glass section V2, the flow was 
heterogeneous and strongly settled. 
Whatever the particle concentration for the product A, the 
experimental values y*50 for the glass section V1 were higher 
than the experimental values y*50 for the glass section V2. The 
observations were similar with the criterion y*10. For the 
product B, the experimental values y*50 were similar, whatever 
the pipe’s inner diameter. These results show the incidence of 
the ratio dp/Dc on the decantation. 
 
 
 V1 V2 
Criteria y*50 Y*10 y*50 y*10
Product A 0.3 – 0.5 0.5 – 0.8 0.2 – 0.4 0.5 – 0.9 
Product B 0.2 – 0.4 0.4 – 0.8 0.2 – 0.4 0.4 – 0.9 
 
Table 5 : Values of the criteria y*50 and y*10 for the glass 
sections V1 and V2. 
 
We can note that with the criterion y*50, the suspension 
seems to be settled. On the other hand, with the criterion y*10, 
the suspension tends to be homogeneous. For example, for the 
product B at the particle concentration 20.7%, if we use y*50, 
50% particles are in a third of the pipe, whereas if we use y*10, 
90% particles are in 70% of the duct. According to these 
observations, the criterion y*50 seems to be more representative 
of the particle distribution in the cross section. 
 
Incidence of heat treatment 
 
This study shows the heterogeneous flow distribution for a 
real product: particles travel close to the tube wall and the 
carrier fluid moves at the top of the pipe. Sterilization of such 
a flow is complex. This phenomenon does not make easier the 
regular heating easier and disturbs the sterilization of the 
particles charged fluid. However, it is necessary to ensure that 
each part of the product is sterile, without any part being 
overcooked.  
The role of flow distribution information on the design of 
aseptic processing system, is not only to indicate how the 
particles stayed in the system, but also the extent of the 
convective heat transfer from the fluid to the particles. The 
local value of the heat transfer coefficient is strongly 
influenced by the cross-sectional distribution of the solid phase 
in the pipe. In some cases, this phenomenon may cause local 
overheating. When the moving bed pattern is considered, the 
heat transfer increases above the bed by the mixing effect of 
the particles. In electrical resistance heating, the local heating 
rate is a function of the electrical conductivity of solids and the 
surrounding fluid. When the electrical conductivities of two 
phases are widely different, it is possible for one phase to heat 
sufficiently rapidly so as to create a large temperature 
difference between it and the other phase. For all of these 
technologies, any heterogeneity in the delivery of the field 
generates non-uniformities in the rate of microbial destruction. 
In the case of a homogeneous suspension (model product), 
the local value of the heat transfer coefficient is homogeneous. 
However, conventional thermal processing can be successful 
for single-phase fluids, but it is limited in its applicability to 
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 multiphase foods because of the time required to conduct heat 
to and from the centers of particles during a process. In ohmic 
heating, when the electrical conductivities of two phases do 
not greatly differ, in mixtures with larger values of heat 
transfer coefficient, heat exchange between solid and liquid 
phases is more significant. The homogeneous suspension is 
favorable to this mode of heating. 
 
CONCLUSIONS  
 
We focused on the existing literature describing and 
classifying food mixture flow. Although much information 
exists on solid-liquid flows, much of it relates to simplified 
flow situations (individual particles involving Newtonian 
fluids). The continuous treatment of suspension containing 
both liquid and large particles is to a great extent poorly 
understood, making the prediction of the form and the 
structure of the flows difficult. The aim of this work was to 
study the particle concentration profile in cylindrical pipes, in 
order to be able to characterize the suspension homogeneity in 
a cross section. The heterogeneous or stationary character of a 
suspension, will have a simultaneous incidence on the 
suspension flow and the heat transfer. According to the type of 
heating technology adopted (conventional exchanger, Direct 
Joule Effect and Indirect Joule Effect), specific problems can 
appear because of the heterogeneity of the concentration 
profile. 
The bibliographical study showed that many works treated 
the suspension flow. Existing literature answers some of the 
specific points we mentioned here: 
- The qualitative description of the suspension flow, 
- The study of the Residence Time Distribution (RTD), 
- The modelisation of relative velocities particle to carrier 
fluid. 
On one hand, we noticed that the dimensional analysis led 
to the establishment of several dimensionless numbers whose 
definitions may differ. On the other hand, we noted that no 
study describes the concentration profile in particles according 
to the height in the cross section. This point seems however to 
be extremely important when quantifying the homogeneity and 
/or the heterogeneity of the suspension with the definition of 
quantitative criteria (y*50, y*10). The concentration profile in 
particles therefore provides additional information of the RTD 
and relative fluid to particle velocities. The experimental 
results and their analysis enabled us to determine the influence 
of the following factors:  
- Suspension flow rate, 
- Particle concentration, 
- Rheological behavior of the carrier fluid, 
- Inner diameter of pipe, 
- Orientation of the tube. 
A discussion of these results and the definition of a few 
unidimensional numbers was thus carried out. In parallel, a 
theoretical description of a stationary bed of particles was 
presented. This approach enables us to describe a bed height 
according to the particle concentration and to define a minimal 
concentration of bed formation. We showed that the pipe 
orientation (horizontal/vertical) remains a fundamental 
criterion for suspension flow. In vertical ducts, we showed that 
the suspensions were perfectly homogeneous whatever the 
flow rate and the particle concentration. On the other hand, for 
horizontal ducts, analysis became much more delicate. A 
criterion appeared to determine the flow characterization: the 
minimal concentration Cpmin. Indeed, the suspension behavior 
seems very different according to whether the concentration in 
particles is higher or lower than Cpmin. For concentrations 
higher than Cpmin, the criteria y*50 and y*10 are correlated 
perfectly with the h*50 and h*10, i.e. the particle concentration.  
In this work, we demonstrate that the behavior of real 
suspension characterized by a distribution of shape, dimension, 
density, mechanical properties could be very different to the 
behavior of a model suspension characterized by homogeneity  
of shape, dimension, density, mechanical properties. At this 
stage, real products require a specific experimentation and 
characterization. 
From the results of this study, it has been found that other 
process parameters, such as the density ratios are important 
variables influencing flow behavior. Particulate density is a 
significant concern. Extremely dense particles in a low-
viscosity carrier fluid will tend to sink at various points in the 
system. This will result in substantial over-processing. 
Conversely, very light particles in low and high viscosity 
carrier fluids have the capacity to float. This can cause 
irregular particle presence within the formulation. When 
particles sink or float, it becomes impossible to determine the 
residence time distribution or heating profile of the product. 
This would increase the differences in the sterility of the 
particles or carrier fluid. 
The heterogeneity or the settling suspension will have a 
simultaneous incidence on the suspension flow and the heat 
transfer. According to the type of technology adopted, specific 
problems can appear because of the heterogeneity of 
concentration profiles. Ohmic heating is a purely volumic and 
direct resistance heating in opposition to heating by conduction 
from a hot surface heat exchanger. In consequence, the heat 
transfer coefficient between the hot wall and the fluid is 
irrelevant as there is no hot wall at all. The non-existence of a 
hot wall should constitute a major advantage for food 
applications, avoiding the degradation of thermo-sensitive 
compounds trough overheating (change in taste, undesirable 
reactions, burning) and reducing heat exchanger fouling. 
 
NOMENCLATURE 
Ar Archimed number (-) 
Cp Particle concentration (-) 
D Electromagnetic flowmeter (-) 
Dc Inner diameter of duct (m) 
dp Particle diameter (m) 
dsp Particle diameter equivalent to a sphere (m) 
e Thickness (m) 
 9
 Fr Froude number (-) 
g Acceleration of gravity (9.81 m.s-2) 
h Bed height of particles settling (m) 
h*10 Bed height settling to 90% of the population (-) 
h*50 Bed height settling to 50 % of the population (-) 
hfp Heat transfer coefficient fluid to particle (W.m-2.°C-1) 
k Consistency index (Pa·sn) 
l Width (m) 
L Length (m) 
n Flow behavior index (-) 
N Particle number (-) 
N0 Total number of particle (-) 
r Radius of duct (m) 
Reg Generalized Reynolds number (-) 
T Temperature (°C) 
v Suspension velocity (m.s-1) 
V Transparent section (-) 
x Absolute position of particle center for V3 (m) 
x* Relative position of particle center for V3 (-) 
x*
10 Bed height to 90 % of the population (V3) (-) 
x*
50 Bed height to 50% of the population (V3) (-) 
xmax Inner diameter of  vertical tube (m) 
y Absolute position of particle center for (m) 
y* Relative position of particle center for V1, V2 (-) 
y*10 Particle height to 90 % of the population (V1, V2)  (-) 
y*50 Particle height to 50% of the population (V1, V2) (-) 
ymax Inner diameter of  horizontal tube (m) 
 
Greek symbols 
α Density simplex (-) 
µapp Apparent viscosity  (Pa.s) 
ρ density (kg.m-3) 
ε porosity (-) 
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